A novel two-component system has been identified in the cbb I region of the nonsulfur purple photosynthetic bacterium Rhodopseudomonas palustris. Genes encoding this system, here designated cbbRRS, are juxtaposed between the divergently transcribed transcription activator gene, cbbR, and the form I ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) genes, cbbLS. The three genes of the cbbRRS system represent a variation of the well-known two-component signal transduction systems, as there are a transmembrane hybrid sensor kinase and two response regulators, with no apparent DNA binding domain associated with any of the three proteins encoded by these genes. In this study, we showed that the membrane-bound full-length kinase undergoes autophosphorylation and transfers phosphate to both response regulators. A soluble, truncated version of the kinase was subsequently prepared and found to catalyze phosphorylation of response regulator 1 but not response regulator 2, implying that conformational changes and/or sequence-specific regions of the kinase are important for discriminating between the two response regulators. Analyses indicated that a complex network of control of gene expression must occur, with CbbR required for the expression of the cbbLS genes but dispensable for the synthesis of form II RubisCO (encoded by cbbM). The CbbRRS proteins specifically affected the activity and accumulation of form I RubisCO (CbbLS), as revealed by analyses of nonpolar, unmarked gene deletions. A tentative model of regulation suggested that changes in the phosphotransfer activity of the sensor kinase, possibly in response to a redox metabolic signal, cause modulation of the activity and synthesis of form I RubisCO.
The major metabolic route for carbon dioxide assimilation is via the Calvin-Benson-Bassham (CBB) reductive pentose phosphate cycle, with ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) catalyzing the actual CO 2 fixation reaction. Through the action of RubisCO and other enzymes of the pathway, necessary organic compounds may be synthesized to sustain all the major metabolic requirements of the cell (for a review, see reference 39). In nonsulfur purple photosynthetic bacteria, the genes that encode enzymes responsible for this process are for the most part organized in two separate loci, the cbb I and cbb II operons. Each operon contains distinct structural genes encoding different forms of RubisCO: the cbbLS genes of the cbb I operon encode the large and small subunits of form I RubisCO, while the cbbM gene of the cbb II operon encodes the single subunit of form II RubisCO. These loci also contain structural genes that encode other CBB cycle enzymes. In all cases described so far, transcription is regulated by a specific positive regulator protein, CbbR, encoded by the divergently transcribed cbbR gene. CbbR belongs to the large family of LysR-type transcriptional regulators (34) and functions by binding specific consensus sites within the cbb promoter region. Our laboratory has extensively investigated the intrinsic mechanisms regulating the expression of the cbb operons in two nonsulfur purple photosynthetic bacteria, Rhodobacter sphaeroides and Rhodobacter capsulatus. Although these species are closely related, they differ in the organization and regulation of the cbb operons: R. sphaeroides contains two copies of most structural genes (6, 17) , whereas R. capsulatus possesses two structurally distinct RubisCO genes but single copies of genes that encode the other enzymes of the CBB pathway (30) . A single cbbR gene, divergently transcribed from the cbb I operon, regulates transcription of both cbb operons in R. sphaeroides, although to a different extent (8, 10, 20) . On the other hand, in R. capsulatus there are two cbbR genes, each divergently transcribed from and regulating its cognate cbb operon (31, 42) .
In addition to its role of allowing inorganic forms of carbon to be assimilated by the cell, the CBB cycle in photosynthetic bacteria also plays a vital role in dissipating the excess reducing power generated by photosynthetic activity. Thus, primarily under photoheterotrophic growth conditions but also under photolithoautotrophic conditions, the CBB pathway allows CO 2 to function as a necessary electron acceptor such that the CBB route participates in maintaining the redox balance of the cell (9, 45) . Not surprisingly, regulation of cbb operon expression is strictly dependent on the energy metabolism of the cell, with the redox-responsive global two-component Prr/Reg system involved in the control of numerous energy-related processes in these organisms (9, 13, 21) . Prr/Reg directly controls the expression of the cbb I and cbb II operons in both R. sphaeroides and R. capsulatus (10, 11, 42) but does not appear to regulate the cbb operons of Rhodopseudomonas palustris (S. Romagnoli and F. R. Tabita, unpublished data).
A different mechanism of regulation appears to be present in R. palustris CGA010. R. palustris is a nonsulfur, purple, facultative anaerobe bacterium characterized by even broader met-abolic versatility than Rhodobacter spp. R. palustris can grow photosynthetically by fixing CO 2 (photolithoautotrophy) or by assimilating carbon from an organic source (photoheterotrophy); it can also grow chemoheterotrophically with or without oxygen as a terminal electron acceptor. In addition, R. palustris has the unique ability to degrade aromatic compounds and use them as a source of carbon, as well as energy, while also maintaining very active nitrogen fixation and hydrogen-evolving capabilities. Recent genome sequencing of this organism (26) revealed the presence of genes that encode an unprecedented three-protein and putative two-component system juxtaposed between cbbR and the structural genes encoding form I RubisCO (cbbLS). The three genes encode three separate components including one putative large sensor kinase protein and two distinct response regulator proteins. Because of its location within the cbb I region, we have named these proteins the CbbRRS system. Two PAS motifs are predicted in the N-terminal region of the sensor kinase, raising the possibility that a dedicated redox system for the regulation of form I RubisCO (CbbLS) synthesis might be functional in this organism. In this study, we demonstrated that CbbRRS is a true two-component system that catalyzes autophosphorylation of the kinase protein and phosphotransfer to the response regulators. We also showed that the CbbRRS system is not essential for growth under photoautotrophic conditions, but CbbRRS appears to modulate the expression and activity of cbbLS and total RubisCO activity through some as-yet-unidentified mechanism. CbbR, on the other hand, controls the expression of only the cbbLS genes (form I RubisCO), whereas the cbb II operon genes (and therefore form II RubisCO) appear to be constitutively expressed, especially when the organism was grown with low levels of bicarbonate.
MATERIALS AND METHODS
Strains and growth conditions. Bacterial strains used in this study are listed in Table 1 . Escherichia coli DH5␣ was used for general cloning purposes, as well as (22) in the presence of 10 mM sodium succinate. NaHCO 3 was used as the sole carbon source under photolithoautotrophic conditions. Photoheterotrophic and photolithoautotrophic growth was carried out in crimped sealed tubes filled with 10 ml of medium preequilibrated in an anaerobic chamber (Coy Laboratory Products, Grass Lake, MI). NiCl 2 (1.5 M) was added to photolithoautotrophic cultures to maximize the expression of the uptake hydrogenase. Strict anaerobiosis was attained by gassing the growth tubes with H 2 for 2 min after the culture was inoculated, such that the headspace provided H 2 at 20 lb/in 2 ; the addition of desired concentrations of freshly made NaHCO 3 did not cause any change in the medium pH. Late-logarithmic-stationary-phase R. palustris cells were harvested by centrifugation (4,000 ϫ g for 10 min at 4°C), and the cell pellets were stored at Ϫ80°C. LB and PM solid media contained 1.5% agar (wt/vol). Antibiotics were used at the following concentrations: 50-g ml Ϫ1 kanamycin, 100-g ml Ϫ1 ampicillin, 12.5-g ml Ϫ1 tetracycline, 25-g ml Ϫ1 gentamicin for E. coli, 100-g ml Ϫ1 tetracycline, and 100-g ml Ϫ1 gentamicin for R. palustris. Plasmid constructions and molecular biology techniques. Plasmids generated in this study are listed in Table 1 . Standard molecular biology protocols were used for chromosomal DNA purification, PCRs, restriction digests, and cloning (1) . QIAGEN gel extraction and PCR purification kits were used according to the manufacturer's instructions. The high-fidelity, proofreading Platinum Pfx polymerase (Invitrogen, Carlsbad, CA) was used for amplifying genomic DNA. Alternatively, Taq Polymerase (Invitrogen) was used for screening colonies during the selection of deletion mutants. Primers were designed according to specific sequences of the published R. palustris genome annotation (http://genome.ornl .gov/microbial/rpal); primer sequences will be provided upon request. Exogenous restriction sites were introduced at the 5Ј and 3Ј ends of the PCR primers to facilitate subcloning. In general, PCR products were directly cloned into the pCR-Blunt II-TOPO vector (Invitrogen) and subsequently transferred into a suitable vector for the required application. Site-directed mutants were generated by using the QuikChange site-directed mutagenesis kit by Stratagene (La Jolla, CA) in accordance with the recommendations by the manufacturer. Primers 5Ј-GCCAATATGAGCGACGAAATCCGCACG-3Ј and 5Ј-CGTGCGGAT TTCGTCGCTCATATTGGC-3Ј and 5Ј-CTGGTCTTCATGAACGTTCAGAT GGGC-3Ј and 5Ј-GCCCATCTGAACGTTCATGAAGACCAG-3Ј were utilized for creating the H409D mutant and the D696N mutant of the histidine kinase, respectively (underlining indicates mutated codons). All the plasmids generated in this study were sequenced at the Plant-Microbe Genomics Facility at The Ohio State University to ensure the absence of undesired mutations.
Construction of deletion strains: conjugation and sacB selection. R. palustris mutant strains were generated by allelic exchange via direct double recombination mediated by a suicide vector containing the conditionally lethal sacB gene (14) . Unless convenient restriction sites were present in the gene(s) of interest, mutant strains were constructed as in-frame deletions of the target gene(s) as follows. Primers with appropriate restriction sites were used for PCR amplification of the regions flanking the gene(s) of interest. After being cloned and sequenced, DNA fragments were ligated in a three-fragment reaction into the suicide vector. Plasmids pLO3 (27) and pJQ200KS (33) were used, depending upon cloning needs, to generate knockout constructs. The deletion constructs were transformed into the conjugative strain E. coli S17-1 pir and transferred by filter mating into R. palustris. Exconjugants harboring a chromosomal insertion of the knockout plasmid were selected for tetracycline or gentamicin resistance and sucrose sensitivity to confirm the occurrence of the first recombination event. Positive colonies were grown for two additional days in 1 ml of nonselective liquid medium to favor the second recombination event. Afterwards, 2 l of culture was plated on 10% sucrose-succinate-PM medium plates. Sucrose-resistant colonies were patched on antibiotic (Tc or Gm) and antibiotic-free succinate-PM plates to eliminate false positives. The resulting colonies were screened for the presence of the desired mutations by colony PCR amplification. The genetic makeup of all strains was confirmed by Southern blot analysis. In particular, the deletion vector pLO310-20, used to generate strain CGA2024 (⌬cbb RRS), was constructed as follows: a fragment of 920 bp immediately upstream of cbbRR1 was engineered with a SacI and a XbaI restriction site at the 5Ј and 3Ј ends, respectively, and ligated to a 1,038-bp fragment immediately downstream of cbbSR, engineered with XbaI and PstI restriction sites at the 5Ј and 3Ј ends, respectively. Strain CGA2025 (cbbR⌬SacI::Km) was constructed by exploiting two SacI restriction sites within the cbbR gene: 324 bp was deleted and replaced by a 1.5-kbp SacI kanamycin cassette recovered from pUC4-Km (43) to generate the deletion vector pLO391. Strain CGA2034 (cbbSR⌬HincII) was constructed as a 1,134-bp deletion between HincII restriction sites within cbbSR by using the deletion construct pJQ94. CGA2063 (⌬cbbRR1 ⌬cbbRR2) was generated by constructing the deletion vector pLO310-129. Plasmid pLO310-129 contains the SacI-XbaI fragment of 920 bp immediately upstream of cbbRR1, stitched via a XbaI restriction site to a DNA fragment of around 850 bp that spans the last 18 nucleotides of cbbRR2 to the first PstI restriction site within the cbbSR gene. CGA2083 (⌬cbbRR2) was generated by constructing the deletion vector pJQ121-129. Plasmid pJQ121-129 comprises a 700-bp fragment engineered with SacIXbaI at the 5Ј and 3Ј ends containing the whole cbbRR1 coding region plus the first 21 nucleotides of cbbRR2, ligated via a XbaI restriction site to about 850 bp spanning from the last 18 nucleotides of cbbRR2 to the first PstI site within cbbSR. The deletion vector pJQ144-145 was used for generating strain CGA2071 (⌬cbbM); this was constructed by pasting 930 bp, starting from the SacI site within cbbA (the gene immediately upstream from cbbM) and stretching into the cbbM coding region with a BamHI site at the 3Ј end, to an 860-bp fragment engineered with BamHI and XbaI sites at the 5Ј and 3Ј ends, respectively, corresponding to the region immediately downstream from cbbM. The conjugation of construct pJQ144-145 into R. palustris resulted in the removal of about 1,200 bp within cbbM. The deletion vector pJQ142-141 contains a 950-bp fragment, engineered with SacI at the 5Ј end and PstI at the 3Ј end, stitched to 930 bp starting from a PstI site within cbbS and terminating with an engineered BamHI site at the 3Ј end of the fragment. This resulted in the removal of 865 bp from cbbL and cbbS yielding strain CGA2028 (⌬cbbLS). Double-mutant strains were constructed by transferring the required deletion construct into the desired strain and repeating the selection procedure.
Overexpression of cbbRRS genes and purification of recombinant proteins. The coding regions (lacking the ATG/GTG start codon) of cbbRR1, cbbRR2, and cbbSR were cloned into the expression vector pQE80 (QIAGEN, Valencia, CA) containing six histidine residues contiguous to the 5Ј end of the multiple cloning site to generate plasmids pQE8027, pQE8024, and pQE8072, respectively. A soluble, truncated version of CbbSR and its derived site-directed mutants were constructed from residue Thr-189 to generate plasmid pQE8740 (His 6 -CbbSR T189 ), pQE8797 (D696N), and pQE8798 (H409D). E. coli DH5␣ cells containing the overexpression plasmids were grown to an optical density at 600 nm of 0.5, induced with 1 mM isopropyl-␤-D-thiogalactoside (IPTG), and grown for a further 4 h at 37°C with shaking (180 rpm). Cell pellets were resuspended in 5 ml g Ϫ1 (wet weight) lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, pH 8.0); the cells were broken using a French press (20,000 lb in Ϫ2 ) in the presence of 1-g ml Ϫ1 DNase A and 1-g ml Ϫ1 RNase 1 and then centrifuged at low speed to remove cell debris. His 6 -CbbRR1 was soluble, and the protein was purified by affinity chromatography with 5 ml Ni-nitrilotriacetic acid resin packed in a disposable minicolumn just before use. This column was equilibrated with several volumes of lysis buffer. The column containing the bound protein was then washed with at least 10 volumes of wash buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole, pH 8.0) prior to elution of the protein in a homogeneous state with 6 ml of elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole, pH 8.0). Aliquots were stored at Ϫ80°C. His 6 -CbbRR1 remained active for Ͼ1 year.
Recombinant His 6 -CbbRR2, His 6 -CbbSR T189 and its derived site-directed mutants, coprecipitated with inclusion bodies, which made it necessary to purify these proteins under denaturing conditions. Cell pellets were thus solubilized in 5 ml g Ϫ1 (wet weight) urea buffer (8 M urea, 100 mM NaH 2 PO 4 , 10 mM Tris-Cl, 1 mM dithiothreitol [DTT], pH 8.0) for 1 h at room temperature. The slurry mixture was centrifuged at 130,000 ϫ g for 1 h to remove insoluble debris. The resulting supernatant was first dialyzed against 2 M urea buffer for 18 h (2 M urea, 100 mM NaH 2 PO 4 , 10 mM Tris-Cl, 1 mM DTT, pH 8.0) and then against lysis buffer for a further 4 h. Following centrifugation (130,000 ϫ g for 1 h), the suspension was loaded onto a Ni-nitrilotriacetic acid column and eluted as described above. Although loss of material and degradation of both proteins were inevitable during the refolding dialyses and purification steps, proteins of Ͼ85% purity were obtained. His 6 -CbbRR2 remained active for Ͼ1 year. His 6 -CbbSR T189 retained activity for 8 to 10 months after purification. Protein concentrations were determined by a modified Lowry assay (28) , with bovine serum albumin as a standard.
Identification of domain structures within protein primary sequences was carried out by PFAM analysis (http://www.ncbi.nlm.nih.gov/blast).
Isolation of E. coli inner membranes. The full-length recombinant histidine kinase (His 6 -CbbSR) was partially purified by the isolation of inner membranes from E. coli cells. Fractionation of inner and outer membranes was achieved mainly through the method of Ward et al. (46) . Cells harboring plasmid pQE8072 were induced and grown as described above. The pellets were resus-pended in 20 mM Tris-Cl, 0.5 mM EDTA, 10% (vol/vol) glycerol (pH 7.5) (4 ml g Ϫ1 ) and stored at Ϫ80°C for up to 1 month. Cells were broken by three passages through the French press. Following low-speed centrifugation (10,000 ϫ g for 45 min), membranes were separated from the supernatant suspension after further centrifugation at 131,000 ϫ g for 90 min in a Beckman ultracentrifuge (L8-70 M); the resultant membrane fraction was resuspended in 0.75 ml of 25% sucrose, 20 mM Tris-Cl, 0.5 mM EDTA (pH 7.5). Outer and inner membranes were separated in a step sucrose gradient (55 to 30%) by centrifugation at 113,000 ϫ g for 18 h at 4°C in a swinging bucket rotor (SW28) with minimal acceleration and no breaking. The inner membranes, localized at the 35 to 40% sucrose interface, were drawn off, diluted with 30 volumes of 20 mM Tris-Cl (pH 7.5), and centrifuged at 131,000 ϫ g for 2 h. The pellet was washed three times in 20 mM Tris-Cl (pH 7.5) at 131,000 ϫ g for 1 h to remove EDTA and sucrose; 30-l aliquots of membranes in 20 mM Tris-Cl (pH 7.5) were stored at Ϫ80°C. Membranes retained activity for 3 to 5 days.
Phosphorylation assay. Phosphorylation reactions were performed in 50 mM Tris-Cl (pH 8.0), 5 mM MgCl 2 , 50 mM KCl, and 0.1 mM DTT. The concentration of [␥-32 P]ATP (specific activity, 10 mCi/mmol; Perkin Elmer, Massachusetts) was 0.5 mM for assays performed with E. coli inner membranes and 20 M for assays carried out with purified truncated kinase. Reactions proceeded for the desired time at room temperature and were terminated by adding three times the sample buffer (37.5 mM Tris-Cl [pH 6.8], 30% glycerol, 10% sodium dodecyl sulfate [SDS; wt/vol], 0.6% ␤-mercaptoethanol). The reaction products were separated by electrophoresis on a 12% SDS-polyacrylamide gel electrophoresis (PAGE) gel (17 by 16.5 by 0.3 cm) run at 4°C at a constant voltage of 200 V for 2 h. Gels were dried, exposed to a high-resolution phosphor screen (Kodak), and analyzed using a Phosphorimager with ImageQuant software (Molecular Dynamics 5.0; Amersham Biosciences, Pittsburgh, PA). Different dilutions of [␥-
32 P]ATP were used to generate a calibration curve to quantify the label associated with the products of the phosphorylation reaction.
Chemical stability. Acid and base stability of phosphorylated residues were tested in the presence of 1 M HCl and 1 M NaOH (37) . Proteins were incubated in the phosphorylation buffer as described above for 20 min. Afterwards, HCl or NaOH was added. After 1 h, reactions were quenched with 3ϫ SDS sample buffer. The samples were separated by SDS-PAGE and processed as described above.
RubisCO assay and immunoblot analysis. R. palustris cell pellets were resuspended in 1 ml TEM buffer (50 mM Tris-Cl, 1 mM EDTA, 5 mM ␤-mercaptoethanol, pH 7.5) and disrupted by two passages through a miniature French press cell (Aminco SLS Instruments, Inc., Urbana, IL). Cell debris, membranes, and the soluble protein fraction were separated by centrifugation at 13,000 ϫ g for 10 min at 4°C. This same soluble fraction prepared from cultures grown under different conditions was assayed for RubisCO activity as previously described (47) . Protein concentration was determined by the Bradford method (4), using bovine serum albumin as a standard and chromogenic reagents (Bio-Rad Laboratories, Hercules, CA). Soluble proteins were resolved after SDS-PAGE with 12% acrylamide in the separating gels and subsequently transferred to a nitrocellulose membrane (Immobilon-P; Millipore, Bedford, MA) by a semidry electroblotting apparatus. Western blot analysis was performed according to standard procedures (1). Species-specific primary antisera were raised against the CbbLS holoenzyme and CbbM (Cocalico Biologicals, Inc., Reamstown, PA) and used at a dilution of 1:3,000. Alkaline phosphatase-labeled goat anti-rabbit immunoglobulin G (Bio-Rad Laboratories, Hercules, CA) was used as the secondary antibody.
RESULTS
The cbb I region of R. palustris. The cbb I region of R. palustris differs from other carbon dioxide-fixing bacteria, as it possesses three unique open reading frames in an unprecedented gene organization, with the cbbRRS genes juxtaposed between the main transcriptional regulator, cbbR, and the structural genes encoding form I RubisCO, cbbLS (Fig. 1A) ; the cbb II region (Fig. 1B) is very similar to related species (6). The translated cbbRRS genes bear general sequence similarity to conserved amino acid sequence motifs typical of signal transduction proteins belonging to the two-component system family (Fig. 2) , although there are no obvious close homologs in the protein databases (http://www.ncbi.nlm.nih.gov/). Because of its location within the cbb I region, we propose to name the whole cluster the cbbRRS system and henceforth refer to each gene as cbbRR1 (rpa1556 or response regulator 1 of the cbb I region), cbbRR2 (rpa1557 or response regulator 2 of the cbb I region) and cbbSR (rpa1558 or sensor kinase/regulator of the cbb I region) (http://genome.ornl.gov/microbial/rpal).
The cbbRR1 (rpa1556) gene contains 690 nucleotides and encodes a 24,800-Da protein. An extensive database search (http://www.ncbi.nlm.nih.gov/blast/) indicated that CbbRR1 , with virtually no periplasmic domain in the N-terminal region, followed by two PAS motifs at residues 114 to 217 and residues 262 to 376, respectively. The kinase core, indispensable for binding ATP, typically catalyzing autophosphorylation and dimerization of the active kinase, spans residues 402 to 623 and is about 30% identical to similar regions found in other sensor kinases. By analysis of the amino acid sequence, conserved catalytic regions were identified as previously described (38) . The H box (residues 407 to 415) contained the putative conserved histidine residue (His-409) that becomes autophosphorylated; other conserved regions (Fig. 2) , corresponding to the G 1 or D, F, N, and G 2 boxes, are predicted to be at positions 452 to 458 (G1 or D box), 510 to 513 (F box), 520 to 527 (N box), and 587 to 592 (G2 box). The REC domain stretched across residues 649 to 764, with D696 identified as the conserved aspartate residue, presumably involved in phosphotransfer reactions. The transmembrane histidine kinase CbbSR undergoes autophosphorylation and phosphorylates CbbRR1 as well as CbbRR2. The full-length sensor kinase gene, cbbSR, was cloned into plasmid pQE80 to generate pQE8072, and this construct was used to prepare partially purified recombinant, N-terminal His 6 -tagged protein from isolated E. coli DH5␣ inner membranes (Fig. 3B) . The overexpressed protein of 98,500 Da was unequivocally identified as CbbSR by Western immunoblot analysis (Fig. 3C , lane ii) carried out with antisera obtained against a purified truncated version of the protein, CbbSR 189 , generated by using plasmid pQE8740 (Fig. 3C, lane iii) . Similarly, the coding regions for the two response regulators, cbbRR1 and cbbRR2, were cloned into pQE80 to generate plasmids pQE8027 and pQE8024 and purify recombinant His 6 -CbbRR1 and His 6 -CbbRR2, respectively (Fig. 4A) .
Membranes isolated from IPTG-induced E. coli DH5␣ transformed with plasmids pQE8072 (to yield a full-length membrane-associated His 6 -CbbSR protein) and pQE80 (the Despite some minor background due to endogenous kinases present on E. coli inner membranes, a clear band migrating at 98,500 Da was visible (Fig. 4B, lane 1) . The addition of purified His 6 -CbbRR1 and His 6 -CbbRR2 to the reaction mixture resulted in the appearance of bands corresponding to CbbRR1 and CbbRR2 in the lanes containing the recombinant membrane-bound kinase (Fig. 4B, lanes 2 and 3,  respectively) . As expected, the response regulator proteins were unable to catalyze autophosphorylation (Fig. 4B, lanes 6  and 7) , and neither protein was phosphorylated by E. coli inner membranes lacking the recombinant kinase (Fig. 4B, lanes 8  and 9) . The independent phosphorylation in vitro of both response regulators suggests a branched pathway for processing an unidentified stimulus to activate the sensor kinase in vivo and hints of a complex mechanism of signal transduction.
Activity of the truncated kinase CbbSR T189 and stability of the phosphorylated residues. To facilitate subsequent phosphotransfer experiments, a construct was desired that would yield a recombinant but soluble version of the sensor kinase; a strategy often adopted for studying membrane-bound kinases is to prepare a truncated version of such proteins (see reference 15). Thus, a region downstream from the two predicted transmembrane regions within cbbSR was amplified via PCR methodology starting from residue Thr-189, resulting in a recombinant soluble version of the sensor kinase of about 77,700 Da. The truncated protein His 6 -CbbSR T189 (construct pQE8740) was purified and found to undergo rapid autophosphorylation in the presence of 20 M [␥-32 P]ATP (Fig. 5A ). In addition, (Fig. 6A) . Despite numerous attempts with various molar ratios of the truncated kinase and response regulator, as well as different concentrations of [␥-32 P]ATP, we were unable to detect phosphotransfer to His 6 -CbbR2 (Fig. 6B) . These data suggest that the missing N-terminal amino acids and/or the conformation assumed by the sensor kinase across the cytoplasmic membrane is important for recognition and interaction with CbbRR2.
To address the function of the REC domain on the kinase, we changed the conserved aspartate residue (Asp-696) predicted to be phosphorylated to an asparagine residue and examined the properties of the purified D696N His 6 -CbbSR T189 protein (expressed using construct pQE8797). Similarly to His 6 -CbbSR T189 , rapid autophosphorylation occurred (Fig.  5B) , although the concentration of labeled product at the end of the reaction was lower than the wild-type construct. Indeed, residue D696 stabilized the phosphorylation state of the kinase protein, as the dephosphorylation rate was up to eight times higher for D696N His 6 -CbbSR T189 than for the wild-type construct (unpublished data). Analogous to the wild-type kinase, D696N His 6 -CbbSR T189 phosphorylated His 6 -CbbRR1 but not His 6 -CbbRR2 (Fig. 6C and D) . The phosphotransfer to His 6 -CbbRR1 from D696N His 6 -CbbSR T189 clearly showed that Asp-696 on the sensor kinase was not essential for the mechanism of phosphorylation and that the phosphorylation of His 6 -CbbRR1 occurred via a direct transfer from His-409 on the sensor kinase to the receiver domain of CbbRR1.
Phosphorylation of the D696N mutant kinase was found to be chemically distinguishable from that of the wild-type kinase, as indicated by differential stability of the phosphorylated residues (Fig. 7) . In the presence of NaOH, only a minimal fraction of the wild-type kinase (CbbSR T189 ) remained phosphorylated, strongly suggesting that this construct was mainly acyl phosphorylated (at the identified aspartate residue). By contrast, D696N CbbSR T189 was shown to be somewhat stable to base hydrolysis but acid labile, suggesting that D696N CbbSR T189 was amydil phosphorylated at the conserved histidine residue (His-409) within the Hbox. From this, we conclude that rapid phosphotransfer (H409 to D696) must occur within the soluble kinase. The construction of a H409D CbbSR T189 protein (via plasmid pQE8798) prevented autophosphorylation, confirming that His-409 was the residue phosphorylated in the kinase core (Fig. 7, lane 7) .
Analysis of deletion strains. The location of the genes encoding the CbbRRS proteins suggested that the CbbRRS system might somehow influence the expression or activity of the CBB genes or proteins. Clearly, the experiments described above indicated that the CbbRRS system represents a true, although atypical, two-component system. The question is whether any defined physiological role could be attributed to this system, particularly with respect to the regulation of CO 2 fixation and its metabolism via the CBB pathway, since in all the systems described so far (3, 8, 31, 35 ) the transcriptional regulator CbbR has been shown to be necessary and sufficient for regulation. The major experimental obstacle that we faced with R. palustris was to find a reproducible way to grow the organism with CO 2 as the sole carbon source, since bubbling with H 2 / CO 2 gas mixtures did not result in satisfactory and reproducible growth, as with other nonsulfur purple bacteria. We eventually found that supplying inorganic carbon in the form of NaHCO 3 , with H 2 in the gas phase in sealed vessels resulted in reproducible autotrophic growth. This is consistent with the fact that analysis of the genome of R. palustris indicated that the organism contains up to three ␣-carbonic anhydrases and several ␣-carbonic anhydrase homologs (http://genome.ornl .gov/microbial/rpal) that most likely catalyze the conversion of carbonic acid in solution into the CO 2 required for growth. Strains containing in-frame nonpolar knockouts of key genes were subsequently prepared (Table 1) , including strain CGA2024, in which the entire cbbRRS system was deleted; strain CGA2034, containing a deletion of only the cbbSR gene; strain 2063, containing a deletion of both the cbbRR1 and cbbRR2 genes; strain 2083, which has a deletion of only the cbbRR2 gene; strain CGA2025, which contains a deletion of the cbbR gene; strain CGA2064 deleted for the cbbR gene as well as the cbbRRS cluster; strain CGA2028, which has the form I RubisCO genes (cbbLS) deleted; and strain CGA2071, deleted for cbbM, the structural gene encoding form II RubisCO. At 10 mM (Fig. 8A ) and 25 mM bicarbonate (Fig. 8B) , it was clear that the absence of one set of RubisCO genes (cbbLS, strain CGA2028; or cbbM, strain CGA2071) allowed normal growth under the conditions tested. On the other hand, as expected, deletion of both structural genes (strain CGA2040) was lethal under both photoheterotrophic and photolithoautotrophic conditions (Fig. 8C) . Knockout strains of potential regulatory genes in a cbbM background, such as CGA2067 (⌬cbbRRS ⌬cbbM), CGA2079 (⌬cbbR ⌬cbbM), CGA2091 (⌬cbbRR1 ⌬cbbRR2 ⌬cbbM), and CGA2098 (⌬cbbSR ⌬cbbM) showed an interesting and, in some cases, unexpected phenotypic response (Fig. 8A to C) . While removal of the whole cbbRRS system (all three genes) did not affect growth, individual deletions of either the two response regulator genes or the sensor kinase gene resulted in a significant effect on growth concomitant with the deletion of cbbM (the form II RubisCO structural gene). Deletion of the main transcriptional regulator, cbbR (strain CGA2025) (Fig. 8C) , caused only a partial impairment of growth under photolithoautotrophic conditions, suggesting that either CbbR had absolutely no effect on cbb transcription or, since knocking out the cbbLS or cbbM genes individually also did not affect growth (Fig. 8A and B) , that CbbR selectively regulated transcription of either the cbbLS or cbbM structural genes. Indeed, deletion of cbbR in a cbbM background (strain CGA2079) resulted in no growth (Fig. 8C) , suggesting that CbbR might selectively regulate the cbbLS genes, encoding form I RubisCO. Interestingly, deletion of both the whole cbbRRS system and cbbR (strain CGA2064) resulted in the same partial effect on photolithoautotrophic growth as removal of the cbbR gene, indicating that CbbRRS might have the same regulatory target, i.e., cbbLS. Besides the expected results, no substantial changes were observed in cells grown in the presence of a fixed source of carbon, such as succinate (data not shown), and the phenotype under these growth conditions will not be discussed any further.
To further analyze the role of cbbR and the cbbRRS genes, RubisCO activity at both pH 7.2 and 8.0 was measured in extracts from cells grown photolithoautotrophically at 10 and 25 mM NaHCO 3 ( Table 2) . Assays were performed at the two pHs because of differences in optimal activity for form I and form II RubisCO from Rhodobacter spp. (18, 19) . In addition, immunoblot analysis was conveniently used to detect expression of cbbLS-and cbbM-encoded proteins (form I and form II RubisCO, respectively) under these growth conditions (Fig. 9) . FIG. 8 . Representative growth response of some of the most significant strains at 10 mM NaHCO 3 (A) or at 25 mM NaHCO 3 (B) for the wild-type strain CGA010, strain CGA2028 (⌬cbbLS) (LS), strain CGA2071 (⌬cbbM) (M), strain CGA2091 (⌬cbbRR1 ⌬cbbRR2 ⌬cbbM) (RR1, RR2, M), and strain CGA2098 (⌬cbbSR, ⌬cbbM) (SR, M). (C) Summary of the growth phenotype of the strains generated in this study under photoheterotrophic conditions in the presence of 10 mM sodium succinate (PH), and photolithoautotrophic conditions (PA) in the presence of 10 and 25 mM NaHCO 3 . Similar cell densities were obtained at low and high concentrations of NaHCO 3 . The plus symbol indicates the relative density of liquid cultures, grown as in the experiments shown in panels A and B and in the presence of succinate to stationary phase (on average, 288 h for PA growth and 72 h for PH growth). Ϫ, lack of PH or PA growth. Open arrow blocks depict the gene or genes deleted.
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RubisCO activity measurements (Table 2 ) and/or monitoring the accumulation of form I and form II protein in crude extracts for each of these strains (Fig. 9) was consistent with the growth data. First of all, total RubisCO activity levels were four to five times higher in wild-type cells grown at low concentrations of inorganic carbon (10 mM NaHCO 3 ), suggesting a modulation of RubisCO activity in response to the availability of CO 2 , since the levels of form I and form II protein in the wild-type strain (Fig. 9) did not appear to be significantly different at the concentrations of bicarbonate used (10 and 25 mM). Interestingly, it was also found that both form I and form II RubisCO were maximally active at pH 8.0, as indicated by the activities obtained with strains CGA2028 and CGA2071, as well as by assaying purified recombinant form I and form II R. palustris RubisCO proteins (unpublished data). Indeed, the magnitude of the difference at pH 7.2 and 8.0 was not nearly as pronounced as that previously seen for the form I and form II enzymes of R. sphaeroides (18) and R. capsulatus (19) , in which the form I enzymes (CbbLS) have an optimal activity at pH 8.0, while form II RubisCO (CbbM) of R. sphaeroides and R. capsulatus has a clear optimum at pH 7.2.
RubisCO activity levels measured in the whole cbbRRS system deletion strain (strain CGA2024) and in the response regulator or sensor kinase gene knockout mutant strains (CGA2034, CGA2063, and CGA2083) appeared somewhat contradictory, as strain CGA2024 contained wild-type RubisCO activity, whereas the activity values in strains CGA2034, CGA2083, and CGA2063, grown at 10 mM NaHCO 3 , were reduced by about 50 to 60% (Table 2 ). Activity was further reduced when the cbbRRS singlecomponent genes were removed in a cbbM background. At low concentrations of CO 2 (10 mM NaHCO 3 ), strain CGA2091 (⌬cbbRR1 ⌬cbbRR2 ⌬cbbM) had about 10% RubisCO activity of the wild type and strain CGA2098 (⌬cbbSR ⌬cbbM) exhibited 25% of the wild-type RubisCO activity. As expected, RubisCO activity levels were significantly lower in cbbR deletion strains, i.e., strains CGA2025 (⌬cbbR) and CGA2064 (⌬cbbR ⌬cbbRRS), as well as in structural gene mutants, i.e., strains CGA2028 (⌬cbbLS) and CGA2071 (⌬cbbM). Similar trends were observed for cells grown at 25 mM NaHCO 3 ; however, the inherently lower total RubisCO activity levels for wild-type and mutant strains grown at high concentrations of CO 2 precluded detailed comparisons.
Immunoblot analysis (Fig. 9 ) confirmed that either form I or form II RubisCO was sufficient to support growth and showed that there was no significant compensatory effect on the synthesis and accumulation of one RubisCO when the other RubisCO gene was knocked out, in contrast with the response shown by R. sphaeroides and R. capsulatus (6, 17) . Clearly, form I RubisCO synthesis was strongly affected by deletion of cbbR at both 10 mM and 25 mM NaHCO 3 . By contrast, form II RubisCO was apparently not affected by the presence or absence of CbbR for cells grown at 10 mM NaHCO 3 , although the cbbR deletion did show a partial effect at 25 mM NaHCO 3 . Most interestingly, it appeared that knocking out the complete cbbRRS system (strain CGA2024) had no effect on form I RubisCO synthesis in cells grown at 10 or 25 mM NaHCO 3 , but deletions of the individual genes (cbbSR, cbbRR2, and both cbbRR1 and cbbRR2; strains CGA2034, CGA2083, CGA2063, CGA2091, and CGA2098) resulted in the accumulation of slightly less form I RubisCO under both growth conditions. In particular, removal of both response regulators resulted in lower expression of form I than deletion of the sensor kinase only, especially in cells grown at 10 mM NaHCO 3 ( Fig. 9A and  C) . Form II RubisCO accumulation was not similarly affected ( Fig. 9B and D) , especially at low concentrations of CO 2 , although slightly lower expression was observed at high concentrations of CO 2 (strains CGA2034, CGA2063, and CGA2083). Overall, it seems that the RubisCO activity results (Table 2) and the immunoblot results were consistent in that deletion of individual cbbRRS components primarily caused an effect on cbbLS (form I RubisCO) espression. It was also apparent that form II RubisCO synthesis was barely affected in cells grown at 10 mM NaHCO 3 , even in a cbbR knockout strain, suggesting that cbb II operon expression is basically constitutive under these growth conditions.
In summary, the growth responses of the individual and tandem knockout strains, combined with the activity results and the immunoblot studies, suggest that the whole cbbRRS system is not essential under these photolithoautotrophic growth conditions. Yet, there appears to be a definitive effect on cbbLS expression when individual genes of the cbbRRS system are inactivated.
DISCUSSION
Two-component systems represent an effective paradigm of transcriptional regulation in response to environmental signals in bacteria (for a review, see reference 37). These systems comprise widespread signaling modules involved in the regulation of several important biological functions in bacteria, fungi, yeasts, and plants. In their most simple organization, two-component systems consist of one sensor kinase, along with one response regulator. Upon activation, usually in response to an external signal, the kinase becomes autophosphorylated at a conserved histidine residue and subsequently transfers this phosphate group to a conserved aspartate within the receiver domain of the response regulator protein. This phosphotransfer results in modification of the effector domain activity, usually manifested by a change of its DNA binding activity to the target promoter and subsequent activation or repression of the genes regulated by the promoter in question. There are important exceptions to this paradigm, such as the Spo proteins involved in the initiation of sporulation in Bacillus species (5), the CheY and CheB proteins required for chemotactic responses (37) , and E. coli recognition factor RssB (2, 29) .
The CbbRRS system of R. palustris represents an interesting example of a novel class of two-component scheme, with the genes clustered in one single operon that encodes three proteins, one sensor kinase and two response regulators, with apparently no discernible DNA binding motif attributed to any of these proteins. So far, few three-protein two-component systems have been described. Those that have been described include, for instance, the Cor system activating the expression of the phytotoxin coronatine (41), the Roc system regulating the expression of fimbrial cup genes (24) , and the Sad system involved in later stages of biofilm maturation (23) . In general, the three elements are linked, and in the examples given the two response regulators are divergently transcribed and at least one response regulator has a helix-turn-helix effector domain, whereas the other response regulator in at least one instance has been proposed to antagonize the DNA binding activity of the system (24) . Obviously, this pattern is not followed by the cbbRRS system of R. palustris, where no effector domain has been identified. The presence of a unique three-protein twocomponent system within the cbb I region of R. palustris CGA010, apparently dedicated to modulate the activity and expression of form I RubisCO, is particularly intriguing, as a similar system has not been described among the many cbb CO 2 fixation regulons previously investigated (9) . The results of several studies from this laboratory and others have shown that the expression of the cbb operons in autotrophic bacteria is sensitive to environmental conditions, as well as to the redox state of the fixed carbon supplied (3, 9, 35, 39) . In this respect, the presence of two PAS domains within the N-terminal region of the sensor kinase is a clear indication of the importance of fine-tuning the expression of RubisCO genes in response to the metabolic state (i.e., carbon and energy state) of the cells. PAS domains are sensory motifs described in proteins that are involved in redox sensing and signal transduction activities, characterized by a structurally conserved ␣/␤ fold, with very limited conservation at the amino acid level. The variability of the sequences defining PAS motifs accounts for a broad flexibility of the conserved fold, ultimately reflected by a large variety of signals feeding into PAS containing proteins (for a review, see reference 40).
R. palustris has a much larger metabolic capacity than other nonsulfur purple bacteria (26) , with the activity of the CBB cycle often serving the purpose of a redox sink when cells are grown in the presence of reduced aromatic compounds (16) . Indeed, recent studies suggest that benzoate-grown cells specifically require only form I RubisCO to enable CO 2 to function as an electron sink (H. Joshi, S. Romagnoli, and F. R. Tabita, unpublished results). It is possible, therefore, that the reduced activity of the cbbRRS single gene mutants observed at low concentrations of CO 2 might be related to some mechanism of redox regulation of form I RubisCO or could be interpreted as a response to redox stress at low levels of carbon. When more oxidized organic carbon sources are provided to the cells, the expression of the genes encoding form I RubisCO is repressed (results not shown). Under these growth conditions, the CBB pathway and specifically form II RubisCO allows CO 2 (produced by the oxidation of the organic carbon) to serve as a necessary terminal electron acceptor (for a review, see reference 39). This is consistent with our indications that the cbb II operon is constitutively expressed in R. palustris. On the other hand, the results of the current study indicate that form I RubisCO is more likely to enable CO 2 to serve as an electron sink under autotrophic growth conditions or when the redox balance is changed by culturing cells with reduced organic carbon. Thus, form I RubisCO and the cbbLS genes are much more inclined to redox regulation. As indicated, this is especially manifest under photolithoautotrophic growth conditions, when low levels of CO 2 are provided, conditions where form I RubisCO becomes much more important to supply the cell with fixed carbon. Indeed, form I RubisCO from other sources (35) , as well as R. palustris, characteristically has a much higher affinity for CO 2 than form II RubisCO (unpublished data), in keeping with the necessity of this enzyme to function at low levels of CO 2 . In R. palustris CGA010, unlike other nonsulfur purple bacteria, the added feature of the cbbRRS system, containing PAS motifs in the sensor kinase, VOL. 188, 2006 NOVEL TWO-COMPONENT SYSTEM FROM R. PALUSTRIS 2789 on October 23, 2017 by guest http://jb.asm.org/ highlights the importance of regulating the expression of form I RubisCO, presumably in response to a redox signal. Indeed, recent experiments on the biochemistry of the phosphorylation cascade indicate that the PAS motifs play an important role in the signaling and specificity of phosphotransfer (Romagnoli and Tabita, unpublished). Clearly, our results indicate that the cbbRRS system is not essential for growth under photolithoautrophic growth conditions. However, an imbalance in the phosphorylation cascade catalyzed by the CbbRRS system, as shown by single-gene deletions of components of the CbbRRS system, caused a significant reduction in total RubisCO activity. Perhaps it is opportune at this time to speculate that the phosphorylation state of the components of the cbbRRS system may affect the ability of CbbR to interact with the transcription machinery of the cell, in particular, cbb I promoter-CbbR association. Since intermediates of the CBB pathway affect the binding of CbbR to specific promoter sequences (7, 12, 35) , perhaps the proteins encoded by the cbbRRS system genes influence these interactions by somehow modifying CbbR, a protein which must be altered posttranslationally to regulate cbb transcription. Thus, the CbbRRS proteins might function as a dedicated sensing system to enable maximum cbbLS transcription in R. palustris. Future investigations, focusing on potential interactions with the transcriptional machinery, together with in-depth expression studies and detailed analysis of the promoter structure of the cbb operons of R. palustris, are likely to provide additional information on the physiological role of the cbbRRS system.
